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SUMMARY 
The c h a r a c t e r i z a t i o n  and modeling o f  a microwave GaAs/AlGaAs h e t e r o j u n c -  
t i o n  B i p o l a r  T r a n s i s t o r  (HBT) a r e  discussed. The de-embedded s c a t t e r i n g  param- 
e t e r s  a r e  used t o  d e r i v e  a smal l  s i g n a l  lumped element e q u i v a l e n t  c i r c u i t  model 
u s i n g  EEso f ' s  "Touchstone" sof tware package. Each element i n  t h e  e q u i v a l e n t  
c i r c u i t  model I s  shown t o  have I t s  o r i g i n  w i t h i n  t h e  dev ice.  The model shows 
good agreement between t h e  measured and modeled s c a t t e r i n g  parameters over  a 
t h e  measured d a t a  and t h e  MAG and Ih211 p r e d i c t e d  by t h e  model a r e  a l s o  i n  
good agreement. Consequently t h e  model should a l s o  be capable o f  p r e d i c t i n g  






I wide range o f  b i a s  c u r r e n t s .  Fu r the r ,  t h e  MAG and Ih211 c a l c u l a t e d  f r o m  
INTRODUCI  I O N  
I n  c o n v e n t i o n a l  GaAs Meta l  Semiconductor F i e l d  E f f e c t  T r a n s i s t o r  (MESFET) 
and GaAs/AlGaAs High E l e c t r o n  M o b i l i t y  T r a n s i s t o r  (HEMT) dev ices,  c u r r e n t  con- 
d u c t i o n  i s  p a r a l l e l  t o  t h e  su r face  and hence t h e  d e v i c e  speed tends t o  be con- 
s t r a i n e d  by l i m i t a t i o n s  o f  t h e  l i t h o g r a p h y  process which d e f i n e s  t h e  channel 
l e n g t h .  On t h e  o t h e r  hand, H e t e r o j u n c t i o n  B i p o l a r  T r a n s i s t o r  (HBT) dev i ces  
have p o t e n t i a l  f o r  much h ighe r  speed s i n c e  i n  these  dev ices t h e  e l e c t r o n s  
t r a v e l  i n  a d i r e c t i o n  pe rpend icu la r  t o  t h e  e p i t a x i a l l y  grown l a y e r s  whose 
t h i c k n e s s  can be made much smal ler  t h a n  t h e  h o r i z o n t a l  channel d imensions. 
S ince  c u r r e n t  conduc t ion  i s  i n  the v e r t i c a l  d i r e c t i o n ,  t h e  HBTs a r e  a l s o  capa- 
b l e  o f  h a n d l i n g  a much h ighe r  c u r r e n t  d e n s i t y  and consequent ly  much h i g h e r  
power d e n s i t i e s .  Furthermore, HBTs should be b e t t e r  s u i t e d  t o  high-speed d i g i -  
t a l  a p p l i c a t i o n s  where c o n s i s t e n t  t u rn -on  v o l t a g e  i s  an i m p o r t a n t  requi rement .  
I n  an HBT, t h i s  t h r e s h o l d  i s  determined a lmost  e x c l u s i v e l y  by t h e  bandgap o f  
t h e  semiconductor i n  t h e  base region, whereas f o r  a FET d e v i c e  I t depends on 
doping c o n c e n t r a t i o n  and channel t h i ckness  which a r e  process dependent. I n  
a d d i t i o n  t o  t h e  above advantages, HBTs possess h i g h e r  t ransconductance and 
b e t t e r  impedance matching c h a r a c t e r i s t i c s  when compared t o  FET dev ices.  T y p i -  
c a l l y ,  i n p u t  and o u t p u t  impedances o f  t h e  HBTs tend  t o  be c l o s e r  t o  50 $2 
( r e f s .  1 and 2) .  
I n  t h i s  paper, t h e  c h a r a c t e r i z a t i o n  and model ing o f  a TRW microwave NPN 
GaAs/AlGaAs HBT a r e  d iscussed.  P o t e n t i a l  a p p l i c a t i o n s  i n c l u d e  h i g h e r  power and 
h i g h e r  d e n s i t y  m o n o l i t h i c  microwave i n t e g r a t e d  c i r c u i t s  ( M M I C s ) .  
DEVICE DESCRIPTION 
The t o p o l o g y  o f  t h e  measured e m i t t e r - u p  NPN HBT d e v i c e  f a b r i c a t e d  a t  TRW, 
Redondo Beach, C a l i f o r n i a  i s  shown i n  f i g u r e  1 .  The d e v i c e  was f a b r i c a t e d  
u s i n g  MBE techniques and I n c l u d e s  a l i n e a r l y  graded aluminum compos i t i on  a t  t h e  
e m i t t e r  base i n t e r f a c e .  The t r a n s i s t o r  has f o u r  e m i t t e r  f i n g e r s ,  each f i n g e r  
h a v i n g  dimensions o f  3 by 40 pm. 
The gaps between t h e  e m i t t e r  and base f i n g e r s  a r e  approx ima te l y  1.5 t o  1.75 pm. 
The s i z e  o f  t h e  bonding pads a r e  approx ima te l y  100 by 100 pm. A d e t a i l e d  
d e s c r i p t i o n  o f  t h e  bas i c  p rocess ing  parameters o f  t h e  d e v i c e  can be found i n  
r e f e r e n c e  2. 
The base f i n g e r  dimensions a r e  3.5 by 40 pm. 
MEASUREMENT AND CHARACTERIZATION 
The t r a n s i s t o r  c h i p  was mounted on a 3/8 by 3/8 i n .  25 m i l  t h i c k  a lumina 
c a r r i e r  and w i r e  bonded t o  50 R cop lanar  waveguide (CPW) i n  a common e m i t t e r  
c o n f i g u r a t i o n .  The base and c o l l e c t o r  dc v o l t a g e  was s u p p l i e d  th rough  two 50 R 
c o a x i a l  b i a s  t e e s .  A CPW c a l i b r a t i o n  k i t  c o n s i s t i n g  o f  a 50 R through,  s h o r t ,  
o f f s e t ,  and open c i r c u i t  on s i m i l a r  s u b s t r a t e s  was used t o  de-embed t h e  s c a t -  
t e r i n g  parameters.  F igures 2 (a )  and ( b )  show t h e  des ign  techn ique  cop lana r  
waveguide t e s t  f i x t u r e  and t h e  c a l i b r a t i o n  k i t  r e s p e c t i v e l y .  F u l l  two -po r t  
s c a t t e r i n g  parameter measurements f rom 0.5 t o  8.5 GHz were performed u s i n g  an 
HP-8510 au tomat i c  network a n a l y z e r .  The c o l l e c t o r  v o l t a g e  V C E  was h e l d  
f i x e d  a t  5.0 V.  The base c u r r e n t  was v a r i e d  I n  d i s c r e t e  increments w i t h  con- 
commitant i n c r e a s e  i n  the  c o l l e c t o r  c u r r e n t  f rom 2 t o  35 mA. The co r respond ing  
measured s c a t t e r i n g  parameters a r e  t a b u l a t e d  i n  t a b l e s  I ( a )  t o  I ( f )  f o r  s i x  
b i a s  c o n d i t i o n s .  
a p l o t  o f  c o l l e c t o r  c u r r e n t  versus t h e  base c u r r e n t  I s  55 and i s  i l l u s t r a t e d  i n  
f i g u r e  3. 
The common e m i t t e r  dc c u r r e n t  g a i n  (hFE) as determined f rom 
D E V I C E  MODELING AND NUMERICAL RESULTS 
Each element I n  t h e  e q u i v a l e n t  c i r c u i t  has i t s  o r i g i n  w i t h i n  t h e  d e v i c e  
as shown i n  f i g u r e  4.  A common e m i t t e r  smal l  s i g n a l  lumped element b i a s  
dependent e q u i v a l e n t  c i r c u i t  model t h a t  i s  used t o  f i t  t h e  de-embedded s c a t t e r -  
i n g  parameters i s  i l l u s t r a t e d  i n  f i g u r e  5 .  I n  o b t a i n i n g  t h i s  model t h e  conven- 
t i o n a l  b i p o l a r  t r a n s i s t o r  e q u i v a l e n t  c i r c u i t  was m o d i f i e d  t o  more a c c u r a t e l y  
rep resen t  t h e  i n t e r d i g i t a t e d  geometry o f  t h e  measured HBT. The base o f  t h e  
t r a n s i s t o r  can be modeled as a d i s t r i b u t e d  R C  network due t o  t h e  base r e s i s t -  
ance and t h e  b a s e - c o l l e c t o r  capaci tance.  R B ~  i n c l u d e s  base c o n t a c t  r e s i s t -  
ance and t h e  r e s i s t a n c e  of t h e  semiconductor r e g i o n  between t h e  base c o n t a c t  
and t h e  e m i t t e r  s t r i p e .  The r e s i s t a n c e  RBI I s  due t o  t h e  semiconductor 
r e s i s t a n c e  i n  t h e  a c t i v e  base r e g i o n .  The t o t a l  base r e s i s t a n c e  c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  l i m i t i n g  t h e  upper f requency o f  o p e r a t i o n  o f  t h e  HBT. Capaci- 
tance C1 a r i s e s  from t h e  e x t r i n s i c  base r e g i o n  whereas Cc  i s  due t o  t h e  
a c t i v e  base r e g i o n .  R E  and C E  a r e  t h e  r e s i s t a n c e  and capac i tance  a s s o c i a t e d  
w i t h  t h e  forward biased base -emi t te r  j u n c t i o n .  The r e s i s t a n c e  R3 and REC 
a r e  t h e  c o l l e c t o r  and e m i t t e r  c o n t a c t  r e s i s t a n c e s  r e s p e c t i v e l y .  
be a s e n s i t i v e  parameter e s p e c i a l l y  i n  d e t e r m i n i n g  t h e  i n p u t  r e f l e c t i o n  c o e f f i -  
c i e n t .  C 2  and CCE a r e  t h e  c o l l e c t o r  and e m i t t e r  bonding pad capaci tances 
r e s p e c t i v e l y .  R C  i s  t h e  c o l l e c t o r  r e s i s t a n c e  shunted across t h e  models 
dependent c u r r e n t  source and tends t o  be r e l a t i v e l y  l a r g e .  Inductances Lg, 
Lc, and 
be m a t h e m a t i c a l l y  removed d u r i n g  t h e  de-embedding procedure.  
( r e f .  3 ) .  Table I 1  l i s t s  t h e  op t im ized  e q u i v a l e n t  c i r c u i t  element va lues f o r  
REC tends t o  
LE represent  the  e f f e c t  o f  t h e  bond w i r e s  and p a r a s i t i c s  which cannot 
The c i r c u i t  was op t im ized  u s i n g  EEsof 's  "Touchstone" s o f t w a r e  package 
2 
c 
SIX b i a s  c o n d i t i o n s .  The corresponding modeled s c a t t e r i n g  parameters a r e  tabu-  
l a t e d  i n  t a b l e s  I I I ( a )  t o  I I I ( f ) .  A good o v e r a l l  i n d l c a t l o n  o f  t h e  q u a l i t y  o f  
t h e  model i s  t h e  match between t h e  maximum a v a i l a b l e  power g a i n  (MAG) and t h e  
c u r r e n t  g a i n  ( I h 2 1 ( )  c a l c u l a t e d  f r o m  t h e  measured d a t a  and t h e  MAG and ' h21 '  
p r e d i c t e d  by t h e  model s i n c e  a l l  the f o u r  s c a t t e r i n g  parameters a r e  r e q u i r e d .  
P l o t s  o f  measured and modeled MAG, Ih21 I, and t h e  s c a t t e r i n g  parameters a r e  
shown i n  f i g u r e s  6 t o  11. I n  these f i g u r e s  and i n  t a b l e s  I V  and V t h e  measured 
and modeled parameters a r e  denoted as ItTRW" and "NASAHBT" r e s p e c t i v e l y .  Good 
agreement I s  observed between t h e  measured and modeled s c a t t e r i n g  parameters. 
The measured and modeled maximum s t a b l e  g a i n  (MSG) o r  MAG as w e l l  as t h e  s t a -  
b i l i t y  f a c t o r  ( K )  a r e  l i s t e d  i n  tab les I V ( a )  t o  I V ( f ) .  The measured and 
modeled Ih211 i s  l i s t e d  i n  tab les  V(a) t o  V ( f ) .  C i r c u i t  o p t i m i z a t i o n  was 
con t inued  u n t i l  an e r r o r  f u n c t i o n  o f  0.05 o r  b e t t e r  was ob ta ined .  T h l s  
r e s u l t e d  i n  a c l o s e  agreement between t h e  measured and modeled MAG and 
Ih21 I * 
The maximum frequency o f  o s c i l l a t i o n  ( fmax)  was determined by ex t rapo -  
l a t i n g  t h e  MAG t o  t h e  0 dB g a i n  a x i s  a t  -6 dB/octave. S i m i l a r l y ,  by ex t rapo -  
l a t l n g  t h e  cu rve  t h e  u n i t y  c u r r e n t  g a i n  c u t o f f  f requency ( f T )  c o u l d  
be p r e d i c t e d .  These r e s u l t s  a r e  summarized i n  f i g u r e  12 which shows fmax and 
f T  as a f u n c t i o n  o f  c o l l e c t o r  c u r r e n t .  I t  I s  t o  be observed t h a t  b o t h  fmax 
and f T  i n c r e a s e  I n  p r o p o r t i o n  t o  IC i n i t i a l l y  and then  tend  t o  s a t u r a t e  
beyond some c u r r e n t  f o r  a f i x e d  V C E .  F u r t h e r ,  i t  i s  a l s o  i n t e r e s t i n g  t o  n o t e  
t h a t  f o r  IC below 9.75 mA f T  a c t u a l l y  f a l l s  below fmax. A maximum f T  
o f  11.4 GHz was observed f o r  IC equal t o  35 mA which corresponds t o  an e f f e c -  
t i v e  e m i t t e r  t o  c o l l e c t o r  t r a n s i t  t ime o f  14 psec. The corresponding fmax a t  
IC = 35 mA was 9 GHz which r e s u l t s  i n  an e q u i v a l e n t  base - res i s tance  c o l l e c t o r -  
capac i tance  t i m e  cons tan t  (RB1CC)eff 
Ih211 
o f  5.6 psec. 
CONCLUSION 
A smal l  s i g n a l  lumped element e q u i v a l e n t  c i r c u i t  model f o r  a microwave 
GaAs/AlGaAs HBT was d e r i v e d  f r o m  the de-embedded s c a t t e r i n g  parameters u s i n g  
EEsof 's  llTouchstonel' sof tware.  Each element I n  t h e  e q u i v a l e n t  c i r c u i t  I s  shown 
t o  have i t s  o r i g i n  w i t h i n  the device. The model shows good agreement between 
t h e  measured and modeled s c a t t e r l n g  parameters over  a wide range o f  b i a s  cu r -  
r e n t s .  F u r t h e r ,  t h e  MAG and Ih21) c a l c u l a t e d  f r o m  t h e  measured d a t a  and 
t h e  MAG and Ih211 p r e d i c t e d  by t h e  model a r e  a l s o  I n  good agreement. Con- 
sequen t l y  t h e  model i s  s u i t a b l e  for p r e d i c t i n g  t h e  performance o f  o t h e r  HBTs. 
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TABLE I. - MEASURED SCATTERING PARAMETERS 
[ V C E  = 5 . 0  V.] 


























































































































































TABLE I .  - Contlnued.  
(c) IB = 0.193 mA, IC = 9 . 2 5  mA 
- FREQ-GHZ DB[S11] ANG[S11] DB[S21I ANG[S211 DB[S12I ANGIS121 DB[S22] ANG[S22] 
TRW TRW TRW TRW TRW TRW TRW TRW 
1 0.500000 -4.626 -115.300 18.600 113.620 -22.883 41.059 -5.346 -60.993 
1.00000 -5.770 -143.480 13.854 97.131 -21.230 34.913 -9.289 -83.828 
1.50000 -5.328 -157.600 10.861 85.939 -20.211 36.061 -11.476 -93.398 
2.00000 -5.016 -167.720 8.571 77.048 -19.202 37.672 -12.781 -101.970 
2.50000 -5.024 -174.140 6.991 69.330 -18.282 39.319 -13.763 -106.680 
3.00000 -5.099 179.400 5.587 62.420 -17.346 40.464 -14.213 -111.150 
3.50000 -4.929 174.050 4.407 56.246 -16.449 40.910 -14.502 -115.060 
4.00000 -4.917 169.810 3.449 51.025 -15.648 40.704 -14.621 -119.290 
4.50000 -4.905 165.380 2.622 45.461 -14.974 40.401 -14.886 -122.710 
5.00000 -4.796 161.090 1.893 40.001 -14.198 40.421 -14.977 -125.780 
5.50000 -4.654 156.870 1.198 35.965 -13.528 40.301 -15.213 -128.980 

















(d) I B  = 0.321 mA, IC = 17.0 mA 
-5.380 -129.910 19.921 109.510 -24.730 
-5.140 -154.640 14.895 93.201 -22.919 
-5.023 -165.800 11.731 84.104 -21.384 
-5.011 -173.200 9.397 76.403 -19.901 
-5.022 -178.450 7.734 70.004 -18.664 
-5.367 175.810 6.314 63.408 -17.472 
-4.891 171.380 5.150 57.978 -16.312 
-4.902 167.730 4.197 52.969 -15.392 
-4.932 163.210 3.442 47.649 -16.010 
-4.870 158.660 2.646 42.148 -13.823 
-4.826 154.290 2.001 37.355 -13.031 
-4.919 149.200 1.454 33.246 -12.340 
-4.786 146.340 0.960 28.729 -11.737 
-4.777 142.330 0.467 23.847 -11.277 
-4.971 139.390 0.104 22.350 -10.932 

































TABLE I .  - Concluded. 














































































































( f )  10 = 0.6536 mA, IC = 35.0 mA 
-5.637 -141.840 20.686 105.210 -26.318 
-5.305 -161.450 15.435 90.832 -23.959 
-5.155 -170.450 12.210 82.800 -21.943 
-5.124 -176.590 9.863 75.711 -20.093 
-5.140 -178.960 8.168 69.800 -18.647 
-5.441 -173.440 6.764 63.421 -17.290 
-5.013 169.240 5.565 58.374 -16.046 
-4.981 165.900 4.631 53.642 -15.081 
-5.020 161.580 3.820 48.367 -14.297 
-4.993 157 . 370 3.072 43.241 -13.469 
-4.961 153.030 2.410 38.581 -12.645 
-5.009 148.000 1.856 34.523 -11.979 
-4.901 145.080 1.369 30.054 -11.380 
-4.851 141 . 310 0.892 25.764 -10.917 
-5.111 138.140 0.541 23.998 -10.567 
-4.863 135.570 0.360 18.066 -9.721 
-4.498 132.340 -0.272 12.579 -8.971 
TRW TRW TRW 
40.336 -8.642 -93.694, 
43.716 -12.245 -119.560 
47.866 -13.578 -134.280 
49.857 -14.318 -143.930 
50.909 -14.845 -149.550 
51.014 -15.098 -154.000 
49.749 -15.271 -158.190 
48.115 -15.490 -162.240 
46.750 -15.715 -166.650 
45.428 -15.848 -171.160 
43.605 -16.082 -175.730 
41.579 -16.282 -179.070 
39.407 -16.242 172.470 
37.160 -16.055 164.760 
37.333 -17.438 158.440 
34.320 -16.343 160.520 
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TABLt  I 1  1.  - M O D t L t D  SCA1 I tHING P A R A M t l  t R S  
[VCE = 5.0 v.] 


































DB[S11] ANG[S11] DB[S21] ANG[S21] DB[S12] ANG[S12] DBIS221 ANG[S22] 
NASAHBT NASAHBT NASAHBT NASAHBT NASAHBT NASAHBT NASAHBT NASAHBT 
-3.692 -81.615 12.528 129.374 -18.525 53.435 -2.162 -31.861' 
-4.400 -123.124 8.880 102.718 -15.908 40.071 -4.670 -43.439 
-4.691 -144.814 6.127 86.605 -14.798 35.921 -6.073 -48.936 
-4.829 -158.330 4.091 74.767 -13.957 34.483 -6.815 -53.698 
-4.908 -167.946 2.542 65.157 -13.205 33.711 -7.215 -58.718 
-4.960 -175.425 1.329 56.975 -12.513 32.938 -7.434 -64.029 
-4.999 178.400 0.356 49.841 -11.880 31.967 -7.550 -69.501 
-5.029 173.091 -0.441 43.541 -11.308 30.769 -7.606 -75.005 
-5.052 168.395 -1.107 37.935 -10.796 29.374 -7.625 -80.447 
-5.068 164.157 -1.671 32.917 -10.340 27.827 -7.621 -85.761 
( b )  I B  = 0.0915 mA,  IC = 4 . 0  mA 
-3.925 -97.292 16.102 123.820 -20.197 47.557 -3.467 -44.463 
-4.410 -136.368 11.770 100.212 -18.155 36.909 -6.952 -58.053 
-4.570 -155.001 8.730 86.852 -17.170 35.178 -8.841 -63.785 
-4.641 -166.449 6.507 77.045 -16.321 35.480 -9.800 -68.154 
-4.683 -174.686 4.799 68.929 -15.512 36.003 -10.244 -72.506 
-4.713 178.784 3.439 61.829 -14.744 36.233 -10.397 -77.029 
-4.738 173.281 2.327 55.448 -14.026 36.061 -10.380 -81.657 
-4.759 168.456 1.400 49.633 -13.365 35.511 -10.264 -86.290 
-4.778 164.112 0.613 44.295 -12.761 34.643 -10.090 -90.853 
-4.795 160.131 -0.063 39.373 -12.212 33.522 -9.885 -95.294 
-4.809 156.438 -0.653 34.823 -11.717 32.207 -9.666 -99.584 
-4.820 152.981 -1.172 30.609 -11.271 30.747 -9.443 -103.707 
( c )  I B  = 0.193 mA, IC = 9 .25  mA 
-3.591 -114.535 18.811 114.922 -21.163 43.338 -5.600 -63.109 
-4.182 -148.792 13.751 95.596 -19.235 40.620 -9.735 -80.630 
-4.349 -164.290 10.492 85.102 -17.780 42.588 -11.675 -89.561 
-4.429 -173.946 8.156 77.285 -16.440 44.156 -12.497 -96.051 
-4.484 178.920 6.366 70.688 -15.232 44.695 -12.732 -101.516 
-4.529 173.119 4.936 64.815 -14.167 44.362 -12.656 -106.420 
-4.571 168.128 3.761 59.454 -13.235 43.396 -12.422 -110.949 
-4.611 163.682 2.776 54.501 -12.422 41.993 -12.114 -115.192 
-4.649 159.633 1.938 49.896 -11.714 40.296 -11.778 -119.197 
-4.684 155.892 1.215 45.600 -11.096 38.407 -11.440 -122.995 
-4.717 152.402 0.587 41.585 -10.556 36.399 -11.114 -126.607 






















































TABLE 111. - C o n t j n u e d .  





































( e )  Ig  = 0 . 4 5 7  mA, IC = 25.0 mA 
-4.277 -137.205 20.540 107.094 
-4.413 -163.065 15.036 91.828 
-4.454 -174.615 11.673 83.421 
-4.484 177.785 9.297 76.946 
-4.513 171.841 7.485 71.340 
-4.543 166.773 6.041 66.253 
-4.575 162.248 4.855 61.538 
-4.608 158.100 3.862 57.126 
-4.641 154.239 3.017 52.978 
-4.674 150.611 2.290 49.069 
-4.705 147.181 1.658 45.381 
-4.733 143.926 1.105 41.899 
-4.759 140.830 0.617 38.609 
-4.782 137.879 0.183 35.499 
-4.800 135.061 -0.204 32.557 
-4.815 132.369 -0.552 29.771 




































45.686 -7.948 -85.750 
50.136 -11.945 -109.792 
53.956 -13.489 -122.544 
55.422 -14.051 -130.366 
55.351 -14.167 -135.631 
54.354 -14.061 -139.531 
52.795 -13.842 -142.691 
50.894 -13.568 -145.452 
48.786 -13.270 -147.995 
46.556 -12.968 -150.418 
44.264 -12.673 -152.771 
41.949 -12.389 -155.079 
39.638 -12.122 -157.355 
37.348 -11.872 -159.601 
35.094 -11.639 -161.820 
32.884 -11.424 -164.008 







































T A B L E  111. - Concluded. 
( f )  16 = 0.6536 mA, IC = 35 mA 




























































































l A H l  t 1 V .  MFASURLD AND M0DLl.t.D Gm,, AND K 























( a )  IB = 0.053 mA,  IC = 2.0 mA 


















































18.401 18.150 0.403 0.282 
15.386 14.963 0.654 0.533 
13.615 12.950 0.872 0.735 
10.705 11.414 1.067 0.886 
10.717 10.156 1.066 0.994 
6.691 7.515 1.385 1.067 
5.750 6.117 1.414 1.115 
4.806 5.074 1.463 1.145 
4.013 4.245 1.516 1.162 
3.332 3.566 1.520 1.172 
2.585 2.999 1.532 1.175 
1.819 2.518 1.560 1.175 
( c )  I B  = 0.193 mA, IC = 9.25 mA 
0.500000 20.741 19.987 0.408 0.330 
1.00000 17.542 16.493 0.795 0.585 
1.50000 15.536 14.136 0.993 0.751 
2.00000 11.671 12.298 1.133 0.854 
2.50000 9.679 10.799 1.241 0.917 
3.00000 8.044 9.551 1.327 0.957 
3.50000 6.892 8.498 1.350 0.982 
4.00000 5.892 7.599 1.376 0.999 
4.50000 5.018 6.208 1.403 1.010 
5.00000 4.355 5.344 1.383 1.018 
5.50000 3.724 4.652 1.372 1.323 
6.00000 3.107 4.073 1.369 1.026 



































I A U I  t. 1 V .  Conllnucxl.  
( d )  I g  = 0.321 mA, IC = 17 mA 
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TABLE IV. - Concluded. 












































































1 3  
TABLL V .  - MEASUR€U AND MODEl- tD h21 











1 .5  
2.0 
2 .5  
3 . 0  
3.5 
4.0 
















( a )  18 = 0.053 m A ,  I C  = 2.0 mA 
(h21 I [dBl Lh21 [Des]  Ih21 I[dBI Lh21 
TRW TRW NASAHBT NASAHBT 
14.884 -86.897 15.388 -78.742 
9.219 -94.296 9.798 -91 .898 
5.994 -99.705 6.587 -99.537 
3.849 -1 03.807 4.449 -1 05.485 
2.303 -1 07.479 2.931 -1 10.51 3 
1.272 -111.323 1.817 -114.884 
0.347 -114.683 0.986 -118.721 













-84.055 19.329 -78.293 
-92.895 13.651 -90.273 
-98.973 10.324 -97.026 
-1 03.601 8.040 -102.299 
-103,684 6.354 -1 06.850 
-1 12.033 5.059 -110.930 
-1 15.961 4.039 -114.639 
-1 19 692 3.225 -118.034 
-1 23.078 2.568 -121 A 4 6  
-1 26 982 2.036 -124.010 
-1 30.932 1.601 -1 26.645 
-1 33.679 1.247 -129.076 
( c )  16 = 0.193 m A ,  IC = 9.25 mA 
22.197 -81 .280 23.078 
17.643 -89.661 17.193 
14.246 -97.973 13.788 
11.801 -104.325 11.434 
10.149 -110.933 9.672 
8.757 -116.086 8.294 
7.506 -120.771 7.187 
6.566 -124.934 6.280 
5.718 -129.460 5.529 
4.959 -133.813 4.898 
4.247 -136.798 4.366 









-1 21 .315 
-1 24.327 




































1 AB1.t V . Con t 1 nued . 
( d )  IB = 0.321 mA, IC = 17.0 mA 
Ih21 ICdBl Lh21[Degl Ih21 I [ d B l  Lh21[Degl 



















-1 01 .069 
-1 07.896 
-1 13.563 














































-94 765 20.239 
-1 02.260 16.795 
-109.579 14.373 
-115.529 12.522 
-121 3 0 4  11.040 
-1 26.131 9.815 
-131.177 8.783 
-1 35.648 7.898 
-1 40.457 7.132 
-1 44.492 6.462 
-1 47.562 5.872 
-1 52.065 5.350 
-1 55.901 4.884 
-1 57.334 4.468 
-1 61.940 4.095 


































1 5  














































































-1 24.51 6 
-1 28.287 
-1 31 -782 
-1 35.021 










(B) HBT MOUNTED ON AND WIRE BONDED TO THE COPLANAR-WAVEGUIDE ALUMINA CARRIER I N  
THE COMMON EMITTER CONFIGURATION. 
FIGURE 1.  - SEN PICTURE OF THE DISCRETE TRW HBT DEVICE. 
17 
(A)  TEST FIXTURE. 
( B )  CALIBRATION K I T .  
FIGURE 2. - DESIGN TECHNIQUE COPLANAR WAVEGUIDE APPARATUS. 






TRV GaAsIGaAIAs HBT 
VCE = 5v 
COMON EMITTER CURRENT GAIN 
I 
IB, k A  
FIGURE 3. - COLLECTOR CURRENT VERSUS THE BASE CURRENT FOR A 
F I X E D  COLLECTOR-TO-EMITTER VOLTAGE. 
19 
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FIGURE 4. - SCHEMATIC CROSS SECTION OF THE HBT SHOWING THE ORIGIN OF EACH LUMPED ELEPENT I N  THE SMALL SIGNAL CE EQUIVALENT CIRCUIT 
MODEL. 
FIGURE 5. - COMMON EMITTER SMALL SIGNAL LUMPED ELEMENT EQUIVALENT CIRCUIT MODEL OF A MICROWAVE GaAs/GaAIAs HETEROJUNCTION 
BIPOLAR TRANSISTOR. 
TRV GaAs/GaAIAs HBT 
VCE = s.0 v 







( A )  MAG. 
FREQUENCY. GHz 
(*) I h 2 l l .  
FIGURE 6. - MEASURED AND MODELED PARAKTERS FOR 
I t  = 2,o MA. 
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f l  = o.5ooooo 









(D) S12, Sq1. 































TRW GaAs/GaAIAs HBT 
VCE = 5.0 V 
I B  = 0.0915 w4 






(A)  MAG. 
FREQUENCY, GHz 
(R) Ih211’ 
FIGURE 7. - MEASURED AND MODELED PARAMETERS FOR 
IC = 4.0 MA. 
23 
f l  = 0.500000 
f2 = 6.000000 
1 
1 
(C)  Sl l '  SZ2. 
rn dB[Sz11 NASA HBT 
.5 4.5 5 
FREQUENCY. GHZ 
(D) 512, S21' 
FIGURE 7 .  - CONCLUDED. 
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MSG 
TRW GaAs/GaAIAs HBT 
VCE = 5.0  V 
IB = 0.193 MA 







I I I I l l  
-6 (IWOCTAVE 
* 
.8 1 2 4 6 8 1 0  
FREQUENCY, GHz 
(B) I h21/. 
FIGURE 8. - EASURED AND MODELED PARAMETERS FOR 
IC = 9.25 MA. 
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(D)  S12, S21. 









TRW GaAsIGaAIAs HBT 
VCE = 5.0 V 
IB = 0.321 MA 
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FREQUENCY, GHz 
(B)  I h21 I .  
FIGURE 9 .  - MEASURED AND MODELED PARAMETERS FOR 










f l  = 0.500000 





(D) S12, S21. 






TRW GaAsIGaAIAs HBT 
Ig = 0.457 nA 
VCE = 5.0 V 




r -6 d WOCTAVE 
4 6 8 1 0  .6 .8 1 2 
FREQUENCY, GHz 
(B) I h21 I * 
FIGURE 10. - EASURED AND MODELED P A R M T E R S  FOR 
IC = 25 MA. 
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f 1  = 0.500000 








(D) S12, S21. 
FIGURE 10. - CONCLUDED. 
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28 r TRW GaAs/GaAIAs HBT 





I I I l l  I 
(B) h 1 1  a 
FIGURE 11. - MEASURED AND MODELED PARAMETERS FOR 
IC = 35 MA. 
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f 1  = 0.500000 
f 2  = 8.5oooOO 
1 
1 
(C) s,l, SZ2.  
30 
X dBISz11 NASA HBT 
X dBtSl21 NASA HBT 
0 
8.5 -30 .5 4.5 
FREQUENCY. GHz 
(D) S12, S21.  
FIGURE 11. - CONCLUDED. 
I UNITY CURRENT GAIN CUTOFF FREQUENCY, f, 7, 
10 
N r W 
5 
M X I M U M  FREQUENCY OF,' 
OSCILLATION f,,, 
TRW GaAs/GaAIAs HBT 
VCE = 5.0 V 
0 10 20 30 40 
COLLECTOR CURRENT, IC, MA 
FIGURE 12.- f,,, AND f, AS A FUNCTION OF THE COLLECTOR 
CURRENT. 
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